The asymmetric Gram-negative outer membrane (OM) is the first line of defence for the 18 bacteria against environmental insults and attack by antimicrobials. The key component of 19 the OM barrier is the surface exposed lipopolysaccharide, which is transported to the surface 20 by the essential lipopolysaccharide transport (Lpt) system. Correct folding of the Lpt system 21 OM component, LptD, is essential and is regulated by a periplasmic metalloprotease, BepA. 22
Introduction 39 40
The outer membrane (OM) of Gram-negative bacteria is the first line of defence against 41 environmental insults, such as antimicrobial compounds (May & Grabowicz, 2018 , Nikaido, 42 2003 . As such, the integrity of the OM must be maintained lest the bacteria become 43 susceptible to stresses to which they would otherwise be resistant. The OM consists of an 44 asymmetric bilayer of phospholipids and lipopolysaccharide (LPS) decorated with integral 45 outer membrane proteins (OMPs) and peripheral lipoproteins. The impermeable nature of 46 the OM can be attributed to several characteristics of the LPS leaflet, such as dense acyl chain 47 packing, intermolecular bridging interactions and the presence of O-antigen carbohydrate 48 chains (Konovalova et al., 2017 , May & Grabowicz, 2018 , Osborn et al., 1972 disulphide bonds, at least one of which is required for efficient function of the LptD/E complex 71 (Chng et al., 2012 , Ruiz et al., 2010 . Formation of the correct LptD disulphide bonds is reliant 72 upon the periplasmic thiol-disulphide oxidoreductase, DsbA, as well as proper folding and 73 insertion of the LptD -barrel into the OM. The latter step is dependent on the BAM complex, 74 and the interaction of LptD with its cognate OM lipoprotein partner LptE (Chng et al., 2012 , 75 Ruiz et al., 2010 . To be effective at LPS delivery and to maintain the integrity of the OM, 76 maturation of the LptD/E complex must be tightly regulated. The periplasmic chaperone 77 DegP, the OM lipoprotein YcaL and the periplasmic metalloprotease BepA (formerly YfgC) 78 have been implicated in controlling LptD maturation (Soltes et al., 2017) . 79 80 BepA has a dual role, degrading misfolded LptD, but also promoting correct folding of the 81 protein; loss of BepA leads to an accumulation of misfolded LptD and a reduction of mature 82
LptD (Narita et al., 2013) . Further to this, the BepA protease has been shown to interact with 83 the main BAM complex component, BamA, which is responsible for LptD insertion into the 84 OM. BepA can also degrade BamA under conditions of stress created by the absence of the 85 periplasmic OMP chaperone SurA (Narita et al., 2013) . BepA belongs to the m48 family of zinc 86 metalloproteases, which are known to contain a characteristic HEXXH motif on the active-site 87 helix (Hooper, 1994) . The histidine residues within the HEXXH motif act, usually with a third 88 amino acid and a water molecule, to coordinate the metal ion, typically zinc, at the active site 89 (Hangauer et al., 1984 , Matthews, 1988 , Matthews et al., 1972 . There are three other m48 90 family metalloprotease in E. coli: the OM lipoprotein LoiP, with which BepA has been shown 91 to interact (Lutticke et al., 2012) ; the IM heat-shock induced endopeptidase, HtpX (Kornitzer 92 et al., 1991) ; and the recently characterised OM lipoprotein YcaL, which is also involved in the 93 regulation of LptD insertion into the OM (Soltes et al., 2017) . 94 95 While there are four m48 metalloproteases in E. coli, BepA is the only one that has a 96 tetratricopeptide repeat (TPR) domain at the C-terminus of the protein, with the protease 97 domain at the N-terminus. TPR domains consist of a number of stacked repeats of -helix 98 pairs, together forming a solenoid-like structure that is known to facilitate protein-protein 99 interactions and multi-protein complex formation (Perez-Riba & Itzhaki, 2019). The structure 100 of the BepA TPR domain, from residues 310-482 of the full-length protein, was recently solved 101 by X-ray crystallography to 1.7 Å resolution and was shown to contain 10 anti-parallel -102 helices forming two subdomains each consisting of two TPR motifs. The TPR domain was 103 demonstrated to be a site for BepA interaction with the BAM complex subunits BamA, BamD 104 and BamC. However, the functional significance of this interaction was not investigated fully 105 (Daimon et al., 2017) . 106 107 To gain further insights into the structure-function relationship and the mechanism by which 108
BepA acts to control and regulate folding and maturation of OMPs, particularly LptD, we 109 sought to determine the molecular structure of the full-length protein. We present here the 110 crystal structure of full-length BepA to a resolution of 1.9 Å, which has directed our 111 mutagenesis approach to understand the active-site mechanism of regulation. We also 112 present evidence of a potential substrate binding site. Finally, we demonstrate that cells 113 lacking functional BepA exhibit disruption in OM lipid asymmetry, consistent with its crucial 114 role in regulating LptD maturation. 115 116
Results 117
The complete BepA structure reveals a nautilus-like structure with TPR:protease contacts 118
119
We used X-ray crystallography to determine the structure of the full-length BepA protein to 120 a resolution of 1.9 Å (data collection and refinement statistics reported in Table 1) ; we 121 observe a single copy of BepA in the asymmetric unit. The structure revealed the TPR domain, 122 consisting of 12 -helices forming 4 TPR motifs and four non-TPR helices, in tight association 123 with the m48 zinc-metallopeptidase domain. This forms a nautilus-like fold with the TPR 124 subdomain cupping the metallopeptidase domain (Fig 1) . During the preparation of this 125 in nomenclature is because the previously published TPR domain structure was of residues 135 310-482 only, comprising TPR1-nTH2, therefore excluding helices 8 and 9 (Daimon et al., 136 2017) . We observe that helices 8 and 9 form part of the TPR domain and are preceded by an 137 extended linker region, residues M263-S271, which connects the TPR domain to helix 7 of the 138 protease domain (Fig 1) . The additional helices of the TPR domain, helices 8 and 9, contribute 139 a tight turn at the end of the TPR domain, allowing the m48 metallopeptidase domain to fold 140 back and be cupped by the pocket formed by TPR motifs 2 and 3 (Fig 1) . Interaction of the 141 protease domain with the TPR pocket creates a negatively charged pocket, which is also 142 demonstrated in the structure presented by Shahrizal et al. (2019) . The context provided by 143 the full-length protein structure shows that while the TPR pocket interacts with the protease 144 domain, the TPR cavity is positioned away from the protease active-site on the opposite side 145 ( Fig 1) . The cavity also comes into close proximity with the N-terminal helix, which is 146 contained within the protease domain, therefore potentially facilitating TPR:protease domain 147 communication. 148
149
The protease domain of BepA consists of the active-site -helix H4 containing the HEXXH 150 motif, and an active-site plug, which is contributed on a loop between helices H6 and H7, 151 residues S246-P249. The TPR and protease domains are connected by the extended linker 152 region between TPR helix H8 and protease domain helix H7, residues M263-S271, which is 153 directly involved in positioning the active-site plug. We did not observe any density 154 corresponding to positions L146-I194 and considering that this section is in close proximity to 155 the active site, we expected that it may form a dynamic regulatory region (Fig 1) . We sought 156 to find evidence that the unresolved area of the protein may correspond to a dynamic lid. 157 Therefore, we scrutinised the Protein Data Bank (PDB) for similar structures. Information on 158 the missing region of our structure can be inferred from an unpublished structure in the PDB 159 of an m48 zinc-metallopeptidase from Geobacter sulfurreducens, which consists of only the 160 protease domain, with no associated TPR (PDB: 3C37). The structure of the Geobacter 161 protease structure provides some information on the missing section and demonstrates a 162 short three-turn extension to the C-terminus of active site helix H4, beyond that seen in the 163
BepA structure. This is followed by a glycine facilitated kink and another three helical turns 164 terminating at residue D136 of the 3C37 structure (Appendix Fig S1) . The Geobacter is also 165 missing a section, D136-N139, however residues M140-F149 form another short -helical 166 region, which is connected to the N-terminus of helix H5, by an extended region formed by 167 residues G150-S158 of the 3C37 structure (Appendix Fig S1) . The recently published BepA 168 structure also provides some information on the BepA active-site lid, demonstrating a similar 169 extension of active-site helix H4, seen in PDB: 3C37, and a helix from residues T160-Q176, 170 which is on a slightly different angle to that of 3C37, residues M140-F149 (Shahrizal et al., 171 2019) . Overall, comparison of the structure presented here, that of Shahrizal et al. (2019) 172 (PDB: 6AIT), and the G. sulfurreducens structure (PDB: 3C37), suggests that the missing 173 section from the structure presented here may form a putative active-site lid. The putative 174 lid, along with the plug, likely regulates access to the active-site. The fact that no density for 175 the putative lid is observed in our structure, and that sections are missing in those presented 176 previously, suggests that the active-site lid is dynamic and may adopt multiple conformations. 177
178

Functional analysis of the BepA active-site suggests an auto-inhibitory state 179 180
The structure shows the HEXXH motif, which is characteristic of zinc-dependent 181 metallopeptidases (Hooper, 1994 , Matthews, 1988 and, in this case, it is found within helix 182 H4 (Fig 1 and Fig 2A) . The active-site zinc ion is coordinated by H136 and H140 within the 183 HEXXH motif, E201 contributed by helix H5, and H246 on a loop that forms the small -helical 184 active-site plug (Fig 1 and Fig 2A) . This is informative as in general Zn-dependent proteases, 185 the active-site zinc ion is usually chelated by three amino acid residues and one water 186 molecule, which is normally utilised to catalyse proteolysis of the substrate (Hangauer et al., 187 1984 , Matthews et al., 1972 . Co-ordination of the zinc ion in this manner fulfils the fourth 188 ligand, which is an amino acid instead of a water molecule and is reminiscent of an auto-189 inhibitory metamorphic zinc metallopeptidase encoded by Methanocaldococcus jannaschii 190 (Lopez-Pelegrin et al., 2014). This zinc metallopeptidase exists as a proteolytically active 191 monomer at lower concentrations, but transitions to an inactive dimer and tetramer at higher 192 concentrations, in which the third zinc-coordinating histidine is contributed by the dimer 193 interaction in a conformation that resembles that of the BepA active-site plug seen in our 194 crystal structure (Fig 2) . The active-site plug also contributes hydrophobic residues I242 and 195 L243, which likely fulfil interactions with other hydrophobic residues in the active-site, such 196 as V133, F225 and L229. Further to this, alignment with the human nuclear membrane zinc 197 metalloprotease ZMPSTE24 structure with a trapped substrate (PDB: 2YPT) reveals that the 198 BepA active-site plug occupies the same physical space as the substrate for ZMPSTE24 ( Fig  199   2B ). Residue H246 on the BepA active-site plug directly clashes with positioning of substrate 200 in the 2YPT structure and the hydrophobic residues I242 and L243 occupy a similar space to 201 the 2YPT substrate hydrophobic residues I3' and M4' (Fig 2B) . Based on these observations, 202
we anticipated that H246, which is contributed by the active-site plug, is likely to relocate to 203 unplug the active-site in order to facilitate protease activity of BepA at least to a position 204 similar to H459' in the 2YPT structure ( Fig 2B) . Therefore, we hypothesised that the active-205 site plug sterically hinders interaction of the substrate with the BepA active-site, effectively 206 auto-inhibiting BepA proteolytic activity. Also, the active-site plug features directly after the 207 TPR domain in the linear structure and is therefore connected in such a way to move in 208 response to a signal generated through substrate interaction, potentially sensed by the TPR 209 ( Fig 1 and Fig 2A) . 210
211
To test the importance of H246 in occupying the fourth coordination site on the zinc ion, we 212 generated a conservative mutation of the H246 position to asparagine (H246N). The aim was 213 to conserve structure of the active-site plug, but abolish coordination of the zinc ion by this 214 residue in order to "de-regulate" the protease activity (Lopez-Pelegrin et al., 2014). We also 215 constructed the E137Q mutation in the active helix HEXXH motif, which is known to abolish 216 protease activity of BepA and would allow us to compare the activities of the mutated 217 proteins (Narita et al., 2013) . To test whether the H246N BepA mutant is functional, we 218 assayed the ability of this mutant to complement the bepA strain, which is known to exhibit 219 increased sensitivity to large antibiotics such as vancomycin, presumably due to impaired 220 barrier function of the OM. The E137Q active-site mutant was incapable of restoring 221 vancomycin resistance to bepA cells and had a severe negative effect on the growth of the 222 bepA mutant ( Fig 2C) . Furthermore, we observed that the H246N mutant BepA was also 223 incapable of complementing vancomycin sensitivity of the bepA cells; however, while the 224 H246N protein also severely increased the vancomycin sensitivity of the mutant, the negative 225 effect was less extreme than with the E137Q version of the protein (Fig 2) . Considering this 226 phenotype, we decided to investigate if the mutated proteins had a dominant-negative effect 227 in the parent background expressing wild-type bepA. We found that the empty vector and 228 wild-type BepA had no detrimental effect on BW25113 parent cells grown in the presence of 229 vancomycin. Our analysis of the E137Q mutant was in agreement with previous studies when 230 analysed in the parent background and demonstrated a severe dominant-negative phenotype 231 (Narita et al., 2013) . We also observed that the presence of H246N BepA had a dominant-232 negative effect on the capacity of the cells to grow in the presence of vancomycin, despite 233 the presence of wild-type BepA expressed from the chromosomal locus. Similarly to the effect 234 in the mutant background, the dominant-negative effect of the H246N protein was less severe 235 than that of the E137Q mutant. We speculate that this is because the active-site plug is less 236 able to interact with the active-site zinc ion, as observed in our crystal structure of BepA, and 237 that the protein may be in a constitutively activated, or "de-regulated", conformation (Fig 1  238 and Fig 2) . We used western blotting to detect the expression of BepA proteins in whole cell 239 lysates using anti-6xHis antibodies. The western blot showed an elevated level of the E137Q 240 protein compared to wild-type and an absence of observable tagged protein in the H246N 241 sample ( Fig 2D) . These observations were consistent between the bepA and parent 242 backgrounds ( Fig 2D and Appendix Fig S2) . These results support the hypothesis that the 243 E137Q mutation renders BepA protease inactive, therefore stabilising the protein due to a 244 lack of auto-proteolytic activity. Considering that we know the H246N BepA is expressed, as 245 it has a dominant-negative effect, the absence of a detectable tagged protein by western blot 246 suggests the His-tag may be degraded, supporting the hypothesis that this mutation gives rise 247 to a protein with de-regulated proteolytic activity. 248
249
In order to test if the dominant-negative effects of the H246N protein were due to increased 250 protease activity, we tested whether the established protease dead mutation, E137Q, could 251 alleviate the dominant-negative effect of the H246N mutation or if the negative effects would 252 be synergistic. As expected, BepA E137Q H246N was not only incapable of complementing 253 the vancomycin sensitivity, but had a more severe dominant-negative effect than the H246N 254 mutation alone, similar to that of E137Q ( Fig 2C) . The dominant-negative effect of the double 255 mutant is likely due to the E137Q mutation. We also analysed expression of the E137Q H246N 256
BepA protein by western blot and found a similar level of tagged protein compared to the 257 E137Q protein ( Fig 2D) . This suggests that the potential auto-proteolytic activity created by 258 the H246N mutation was alleviated by the introduction of the E137Q protease-dead 259 mutation. These results also imply that the dominant-negative effect of the E137Q and E137Q 260 H246N mutations is unlikely due to un-regulated protease activity and more likely due to 261 inappropriate interactions with substrate, or the chaperone activity of BepA. 262
263
Mobility of the active-site plug is required for BepA function 264
265
We hypothesised that the conformation of BepA observed in our crystal structure is in the 266 inactive form and that movement of the active-site loop "unplugs" the active-site in response 267 to some unknown signal. To test this hypothesis, we aimed to "lock" the active-site in an 268 inhibited state by engineering a disulphide bond. Cysteine substitutions were introduced into 269 proximal sites in BepA, specifically at positions E103, in the loop between S1 and S2, and E241 270 in the active-site plug, either individually or in concert ( Fig 3A and Fig 3B) . The single cysteine 271 substitutions complemented the sensitivity phenotype, indicating that the single 272 substitutions had no impact on BepA function. However, the double cysteine mutant was 273 incapable of restoring vancomycin resistance to the bepA mutant under normal growth 274 conditions. In contrast, in the presence of the reducing agent TCEP (tris(2-275 carboxyethyl)phosphine), the double cysteine mutant was able to complement vancomycin 276 sensitivity ( Fig 3C) . These observations suggest that in the double-cysteine-containing BepA a 277 disulphide bond was formed that "locked" the active-site loop in the inactive conformation 278 preventing BepA from promoting LptD maturation. This inhibition was alleviated by breaking 279 the disulphide bond in the presence of TCEP, therefore allowing free movement of the 280 regulatory active-site plug and normal functioning of BepA ( Fig 3C) . As would be expected of 281 an inactive "locked" BepA mutant, the double-cysteine mutant was much more sensitive to 282 vancomycin only in the absence of TCEP, whether in a bepA or wild-type background, 283 indicative of dominant-negative effects similar to E137Q mutation ( Fig 3C) . 284 285
BepA sub-domains communicate and interact with substrate via a negatively charged cleft 286 287
The TPR domain contains two potential substrate binding sites, termed the "pocket" on the 288 large palm and the "cavity" on the small palm ( Fig 1 and Fig 4) . We identified two conserved 289 charged residues, R280 and D347, in the BepA TPR pocket, which in the complete structure 290 forms a larger negatively charged cleft through interaction with the protease domain (Fig 1  291 and Fig 4A) . This negatively charged cleft is connected to the active site via a negatively 292 charged ditch and so has been hypothesised to facilitate substrate interactions; however, no 293 evidence for substrate interaction or importance for BepA function has yet been provided (Fig  294   4A ). The R280 and D347 residues form a salt bridge that appears to stabilize interactions 295 between the TPR and protease domains (Fig. 4A ). We targeted these two conserved charged 296 residues within the pocket, and sought to assess their requirement for BepA function by 297 mutational analysis and functional screening. Our analyses revealed that the R280 mutations 298 had no appreciable effect on BepA activity. However, the D347R mutation had a negative 299 effect on the capacity of the BepA protein to complement the vancomycin sensitivity of the 300 bepA mutant, despite the proteins being expressed ( Fig 4B and Appendix Fig S2) . We also 301 found that the D347R mutation had a dominant-negative effect in the parent background (Fig  302   4B ). The D347R mutation likely disrupts the negatively charged pocket, therefore preventing 303 the negatively charged pocket from directing the substrate to the prominent positively 304 charged R280 within the pocket ( Fig 4A) . 305
306
We next sought to assess the cavity in the TPR domain, in which conservation analysis 307 revealed two conserved arginine residues R466 and R470. We expected these residues might 308 be involved in substrate recognition or interaction with protein complex partners due to the 309 prominent position in the cavity and their high level of conservation despite any obvious 310 structural role ( Fig 4A) . Therefore, we mutated these residues to alanine in order to assess 311 their contribution to the function of BepA. Unexpectedly, mutation of these residues 312 appeared to have no impact on the function of the BepA protein ( Fig 4B) . We expect that the 313 cavity of BepA might still play a role in protein interaction and substrate recognition, although 314 more extensive mutagenesis will be required to further elucidate this function while using the 315 vancomycin sensitivity screen. 316 317
Loss of BepA leads to increased OM permeability 318 319
It has been established that bepA mutant E. coli are more sensitive to antibiotics with a high 320 molecular mass, such as vancomycin, erythromycin, rifampicin and novobiocin (Narita et al., 321 2013) . This is presumed to be due to increased OM permeability. The hypothesis is that the 322 loss of BepA results in reduced LptD assembly, therefore leading to reduced OM LPS content. the -galactosidase substrate CPRG and that this permeability phenotype can be 340 complemented with leaky expression of bepA at low levels from the pET22b plasmid ( Fig 5B) . 341
Active site mutants that result in inactive (E137Q) or presumably de-regulated (H248N) BepA 342 are not able to restore the OM barrier against CPRG. In addition, mutations altering conserved 343 residues in either the pocket (R280, D347R) or cavity (R460, R470) are also not able to fully 344 complement the permeability defect. This is particularly surprising since the R280, R460 and 345 R470 mutations have very strong negative effects on cell permeability, despite there being no 346 observed effect of these mutations in the vancomycin sensitivity assay ( Fig 4B and Fig 5) . This 347 may suggest that the R460 and R470 mutations affect BepA function in a way that leads to 348 CPRG specific increased permeability or alternatively that the phenotypes caused by these 349 mutations are much milder than the active site mutations. The mild permeability phenotype 350 could explain the lack of vancomycin sensitivity but with increased permeability to the much 351 smaller CPRG dye. These results also imply that the BepA TPR cavity could be involved in 352 protein interactions or even be a substrate binding site. product is then degraded by the OM phospholipase PldA (Fig 6A) . To measure the levels of 363 hepta-acylated Lipid A, radiolabelled Lipid A was isolated from the bepA mutant or bacteria 364 that had been complemented with BepA, BepA E137Q or BepA H246N. The lipids were then 365 separated by thin layer chromatography. The parent strain BW25113, transformed with 366 empty pET22b, were treated with EDTA prior to Lipid A isolation, a process that is known to 367 induce high levels of hepta-acylated Lipid A production and act as a positive control (Chong 368 et al., 2015 , Jia et al., 2004 , Yeow et al., 2018 . As expected, bepA mutant cells showed a 369 significant increase in the levels of hepta-acylated Lipid A in relation to hexa-acylated Lipid A, 370 indicating perturbation of OM lipid asymmetry in the absence of functional BepA (Fig 6) . 371
While the catalytically dead E137Q and the "de-regulated" H246N mutants were not able to 372 rescue this defect, they also did not appear to significantly increase the levels of hepta-373 acylated Lipid A compared to cells lacking BepA; this is surprising given that both these 374 mutations cause severely increased vancomycin sensitivity ( Fig 6) . Additionally, we did not 375 see any effect on lipid A palmitoylation for any of the other mutations used in this study. 376
Essentially, there seems to be very little correlation between the extent of OM lipid 377 asymmetry defect and vancomycin sensitivity/CPRG permeability. Together, our results 378 demonstrate that cells exhibit defects in OM lipid asymmetry in the absence of BepA, which 379 only contribute in part to some of the permeability and/or antibiotic sensitivity defects in 380 these strains. 381
382
Discussion 383
384
In this study we present the structure of full-length BepA at a resolution of 1.9 Å, which is a 385 periplasmic m48 zinc metalloprotease family protein involved in regulating the maturation of 386 the LPS biogenesis machinery in Gram-negative bacteria. The structure has guided our 387 mutagenesis strategy to investigate the auto-regulatory nature of the BepA active-site and 388 has identified a potential substrate interaction site and a protein interaction site. Loss of the 389
BepA protein is known to cause E. coli cells to become hypersensitive to antibiotics and 390 antimicrobial products that have a large molecular mass, or are particularly hydrophobic, and 391 this is hypothesised to be due to increased cell permeability (Daimon et permeability assay that lack of BepA causes E. coli cells to become more permeable due to a 394 reduction in the efficacy of the OM permeability barrier, which is in part due to an increase 395 in the quantity of surface exposed phospholipid (Malinverni & Silhavy, 2009 , Nikaido, 2005 . 396
The OM of E. coli is asymmetric with phospholipid forming the inner leaflet and LPS forming 397 the outer leaflet. Presumably, loss of BepA leads to a decrease in productive LPS biogenesis 398 machinery and therefore a decrease in OM LPS content, leading to phospholipid migrating 399 from the inner to the outer leaflet of the OM in order to balance the membrane. Further 400 support of this hypothesis comes from the supplementary dataset presented by Narita et al. 401 (2013) , in which they sought multi-copy suppressors of the antibiotic sensitivity created by 402 loss of BepA. Interestingly, the enzyme PagP, which is the subject of the PagP assay used here, 403 was found as a multi-copy suppressor of the bepA mutant hypersensitivity to erythromycin 404 and vancomycin. PagP is responsible for reacting to surface exposed phospholipid by using it 405 as a palmitate donor for acylation of Lipid A, therefore increasing the expression of PagP in 406 the absence of BepA might help to alleviate the problem of surface exposed phospholipid. 407
408
The data presented here suggest that the defects in lipid asymmetry are not wholly 409 responsible for the observed increases in vancomycin sensitivity. This is not entirely 410 unexpected as certain mutants in the maintenance of lipid asymmetry (Mla) pathway actually 411 demonstrate increased vancomycin sensitivity despite an accumulation of surface exposed 412 phospholipid (Isom et al., 2017) . Therefore, there may be other reasons for the increase in 413 vancomycin sensitivity. One potential explanation being that in the absence of BepA, or 414 presence of mutated BepA, LptD barrels are more often stalled in a rudimentary form that substrate. This therefore implied that the active-site plug serves an auto-inhibitory role and 437 would likely have to relocate in order to facilitate BepA activity. It therefore stood to reason 438 that the active-site plug should be flexible, thus we sought to disrupt the interaction between 439 the active-site plug and the chelated zinc ion. We found that weakening the interaction of the 440 active-site plug with the zinc ion led to a significant dominant-negative effect on wild-type 441 cell vancomycin sensitivity, presumably due to the protein becoming "de-regulated". This is 442 likely because of the lack of auto-inhibition, as seen with the inactive dimer of the M. janaschii 443 protein, which has a very similar arrangement around the active-site zinc (Lopez-Pelegrin et 444 al., 2014). Interestingly, we found that both weakening this interaction, and forcing the active-445 site plug to be locked in place by introduction of cysteine mutations and putative disulphide 446 bonding, caused a dominant-negative effect on parent cells. This not only confirms that the 447 active-site plug is flexible and must relocate in order for substrate to be accommodated in 448 the active-site, as hypothesised previously (Shahrizal et al., 2019) , but also that if the active-449 site plug is locked in place then the BepA protein interacts with substrate or partner proteins 450 in a way that is detrimental to the cells. This effect is similar to, but not as extreme as, the 451 severe dominant-negative effect of the "protease-dead" mutation E137Q, presented 452 previously (Narita et al., 2013) . We have provided evidence that this mutation prevents auto-453 proteolytic activity of BepA, therefore supporting the idea that this mutation causes the loss 454 of BepA proteolytic activity. We hypothesise that these mutations may have an effect on the 455 chaperone activity of BepA, or may lock the protein into an inactive complex with the BAM 456 machinery. In this scenario, the "de-regulated" activity of the H246N BepA would allow it to 457 escape such a complex and even complete the appropriate proteolytic activity on occasion, 458
whereas the "protease-dead" mutations could lead to the protein becoming trapped. 459
460
During the preparation of this manuscript, a structure of the BepA protein was released in 461 which the negatively charged pocket formed between the TPR and protease domains was 462 suggested as the likely candidate for substrate recognition, however no evidence for 463 substrate binding or an effect on BepA function was provided (Shahrizal et al., 2019) . 464
Evolutionary conservation analysis directed us to this site independently, as being important 465
for BepA function. Our analysis of the BepA structure presented here identified residues D347 466 and R280 within the negatively charged pocket as key residues. Our targeted mutagenesis 467 confirmed that both of these residues are important for the correct function of BepA, 468 therefore providing further support for this as the potential site of substrate interaction. Our 469 conservation analysis also identified two conserved arginines R460 and R470 in the TPR cavity 470 as potentially important for function. Interestingly, we found no effect of mutating these 471 residues when BepA function was assayed by vancomycin sensitivity screen, however the 472 CPRG permeability assay suggested that these residues were particularly important. The TPR 473 cavity has previously been implicated as a protein binding site through photo-crosslinking 474 experiments, that show the BepA TPR cavity interacts with BamA, BamD and BamC (Daimon 475 et al., 2017) . This function is in agreement with the known role of TPR domains in numerous 476 other proteins in which they serve as interaction domains to facilitate the formation of 477 protein complexes (Zeytuni & Zarivach, 2012) . Taken together, these results suggest the TPR 478 His 6 -tag (a service provided by Genscript). This vector was transformed into E. coli DE3 cells 505 and used for recombinant protein production. Briefly, overnight cultures grown in LB media 506 at 37°C were used as the inoculum for auto-induction media supplemented with 10 µM ZnCl 2 . 507
The resulting cultures were grown at 37°C to an OD 600 of ~0.8 before the temperature was 508 changed to 18°C for ~18 hours. Cells were harvested by centrifugation and cell pellets were 509 stored at -80°C. 510
511
To purify His-tagged BepA, cell pellets were resuspended in buffer A (20 mM imidazole, pH 512 7.5; 400 mM NaCl) supplemented with 0.05% Tween20 and lysed by sonication. Cell lysates 513 were clarified by ultra-centrifugation and then incubated with Super Ni-NTA agarose resin 514 (Generon) at 4°C with gentle agitation overnight. The incubation mixture was centrifuged 515 briefly, the supernatant was removed, and the resin was resuspended in buffer A before being 516 loaded onto a gravity-flow purification column. The resin was washed extensively with buffer 517 A, then with 20 ml of Buffer A supplemented with 50 mM imidazole, before washing with 518 buffer B (400 mM imidazole, pH 7.5; 400 mM NaCl; 2 % glycerol). BepA protein, eluted in 519 buffer B, was dialysed against buffer C (20 mM MES, pH 6.5; 5 mM EDTA) at 18°C for 6 h (to 520 remove metals co-purified with BepA protein) and then dialysed, extensively with sequential 521 buffer changes, against buffer D (as buffer C but lacking EDTA and instead supplemented with 522 NaCl) supplemented with 100 g/ml carbenicillin. Cells were normalised to OD 600 = 1 and then 567 10-fold serially diluted before 1.5 l was spotted onto the relevant LB agar plates. Cells were 568 then incubated at 37C overnight (~16 h) and the plates photographed for record. Cells were 569 screened on LB agar plates supplemented with 100 g/ml carbenicillin, vancomycin at the 570 stated concentrations and 2 mM TCEP (tris(2-carboxyethyl)phosphine) where stated. 571
572
Western blot 573 574
To examine the expression of BepA in bepA or parent E. coli, cells were grown as described 575 for the functional screening of mutant BepA experiments. The OD 600 of the cultures was 576 recorded and were isolated by centrifugation and resuspended in Laemmli buffer so that the 577 number of cells in each sample was equivalent. Samples were boiled for 10 min before being 578 resolved by SDS-PAGE and subjected to western blotting using anti-6xhis antibodies (TaKaRa: 579 631212) as primary antibody and HRP conjugated anti-rabbit (Sigma Aldrich: A6154) 580 antibodies as secondary for detection by use of the ECL system. 581 582 CPRG permeability assay 583 584 Following double transformation with the relevant pET20b::bepA::6xHis plasmid and the 585 pRW50/CC-61.5 lac reporter plasmid, cells were grown to mid-exponential phase (OD 600 0.4-586 0.6) in LB broth with aeration and harvested by centrifugation. Cells were resuspended in LB 587 broth to an OD 600 of 0.1 and 5 l used to inoculate 96-well culture plates containing 150 l LB 588 agar supplemented with CPRG (Chlorophenol red--D-galactopyranoside -Sigma) (20 g/ml), 589 carbenicillin (100 g/ml) and tetracycline (15 g/ml). 96-well plates were incubated at 30C 590 and the optical density 300-800 nm monitored every 20 min for 48 h. By using the absorbance 591 of LacZ-strains unable to turn over CPRG, we created an estimating function that predicts the 592 expected absorbance due to cell growth at 575 nm (CPR peak absorbance) using the 593 absorbance at 450nm and 650nm. By subtracting the actual absorbance at 575 nm, from the 594 expected growth-related absorbance we derive the CPRG turnover score, which is exclusive 595 to cell membrane permeability. For both expected and measured absorbance at 575 nm, the 596 timepoint of 24 h post-inoculation was used. 597 598 LPS labelling, Lipid A isolation and analysis 599 600 Labelling of LPS, Lipid A purification, TLC analysis and quantification were done exactly as 601 described previously (Chong et al., 2015) . Briefly, starter cultures were incubated at 37C 602 overnight with aeration in LB broth supplemented with 100 g/ml carbenicillin. Starter 603 cultures were then subcultured into 5 ml LB broth supplemented with 100 g/ml carbenicillin 604 and the experiment completed precisely as described previously including the addition of the 605 positive control, in which the parent strain was exposed to 25 mM EDTA for 10 min prior to 606 harvest of cells by centrifugation in order to induce PagP mediated palmitoylation of Lipid A 607 (Chong et al., 2015) . Experiments were completed in triplicate and the data generated was 608 analysed as described previously. 609 Cartoon schematic of the X-ray crystallography structure of BepA, solved to a resolution of 784
1.9 Å. The TPR domain is represented in blue and the protease domain in white with the 785 active-site plug in yellow. Also labelled are the N-and C-termini, TPR pocket, TPR cavity, the 786 linker and the site at which we expect the active-site lid (lid). Important active-site residues 787 H136, H140, H246 and E201 are shown by stick diagram. The structure is also represented by 788 rainbow colouring from N-to C-termini in Blue to red, respectively, with TPR motifs 1-4, non-789 TPR helices 1 and 1 (nTH1 and nTH2), helices, sheets and the plug labelled. Surface 790 representation of the BepA structure coloured according to surface charge from red for 791 negatively charged, through white for near neutral to blue for positive charge. 6 -BepA mutants are more permeable due to surface exposed phospholipid 847
The increased permeability of bepA cells was hypothesised to be due to increased surface 848 exposed phospholipid, therefore this was tested by the PagP mediated Lipid A palmitoylation 849 assay, which detects surface exposed phospholipid. A. Schematic demonstrating the role of 850
PagP in sensing and responding to surface exposed phospholipid. B. PagP mediated Lipid A 851 palmitoylation assay. PagP transfers an acyl chain from surface exposed phospholipid to hexa-852 acylated Lipid A to form hepta-acylated Lipid A. [32-P]-labelled Lipid A was purified from cells 853 grown to mid-exponential phase in LB broth with aeration. Equal amounts of radioactive 854 material (cpm/lane) was loaded on each spot and separated by thin-layer chromatography 855 before quantification. As a positive control, cells were exposed to 25 mM EDTA for 10 min 856 prior to Lipid A extraction in order to chelate Mg 2+ ions and destabilise the LPS layer, leading 857 to high levels of Lipid A palmitoylation. C. Hepta-acylated and hexa-acylated lipid A was 858 quantified and hepta-acylated Lipid A represented as a percentage of total. Triplicate 859 experiments were utilised to calculate averages and standard deviations with students t-tests 860 used to assess significance. Student's t-tests: *P < 0.005 significant compared with Parent EV; 861 **P < 0.005 significant compared with bepA EV; *** P < 0.001 significant compared with 862 bepA WT; NS* P > 0.1 compared with Parent EV; NS** P > 0.1 compared with bepA WT.
864
Figure S1 -Comparison of PDB: 3C37 and BepA shows the active site lid 865
Comparison of the Geobacter sulfureducens m48 protease structure PDB: 3C37 with that of 866 the m48 protease domain of BepA presented here shows the active site lid formed by the 867 missing residues H145-S195. A. The BepA structure is shown with the TPR domain in blue and 868 the protease domain in white with the structure made transparent to facilitate visualisation 869 of the 3C37 structure in red. B. Zoom in of the protease domain overlays from the BepA 870 structure and that of 3C37 with important residues and structures labelled. 871 872 Figure S2 -Western blot analysis of BepA::6xHis expression 873 Analysis of BepA expression by western blot analysis. Cells carrying pET20b encoding WT or 874 mutated copies of BepA in the parent or bepA strain background were harvested and 875 resuspended in Laemmli buffer so that the number of cells in each sample was equal. Proteins 876
were separated by SDS-PAGE and transferred by western blot. The empty vector control is 877 labelled EV. Western blotting was completed using anti-6xHis antibody raised in mice and 878 anti-mouse::HRP secondary antibody to target the BepA::6xHis protein in samples used for 879 vancomycin sensitivity screens. 880 90˚1 80˚ 
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Perturbed lipid asymmetry
